Introduction
The Arthropoda is the largest animal phylum, containing most of the identified species in the world, including insects, crustaceans, myriapods (centipedes and millipedes), and chelicerates (spiders, the horseshoe crab, and sea spiders). All arthropods secrete chitinous exoskeletons from their epidermis; this exoskeleton has contributed to their evolutionary success by providing protection and minimizing desiccation. Nevertheless, such hardened exoskeletons also limit body size and thus the exoskeleton needs to be shed and resynthesized periodically during development. The developmental shedding of hardened cuticle is termed molting or ecdysis. Some arthropods undergo metamorphosis, which results in an alteration to the whole body-plan during specific stages. The strategy of changing in form during evolution has provided the opportunity to reduce competition for food and other resources between developmental stages. In this review, we will first discuss the current phylogenetic relationships of arthropods (Phylogenetic relationships of arthropods), followed by an exploration of sesquiterpenoid biosynthesis (Biosynthesis of farnesoic acid, methyl farnesoate, and juvenile hormone in arthropods), and functions (ticks and mitesSesquiterpenoids in mites and ticks, crustaceansCrustacea-MF in molting, reproduction, and metamorphosis, insects-JHs and the most successful arthropods on land: Insects), to understand how sesquiterpenoids contributed to the success of arthropods during evolution.
habitat in the Ediacaran period (550 mya). This period was followed by arthropods' diversification, radiation, and terrestrialization at about the time of emergence of land plants at the end of the Cambrian period (500 mya) (Ewer 2005; Rota-Stabelli et al. 2013) . Such a Panarthropoda relationship is generally strongly supported from the phylogenetic analyses of ribosomal RNAs, mitochondrial genes, and the genes for the coding of nuclear proteins (Telford et al. 2008) .
Nevertheless, the evolutionary relationships between hexapods, myriapods, and crustaceans have been extensively debated ( Fig. 1) . Conclusions regarding the Panarthropoda began to change following a molecular analysis of 48 ribosomal protein genes, in which Timmermans et al. (2008) suggested that the clade Atelocerata, which formerly grouped myriapods and hexapods as sister groups, was replaced by the ''Pancrustacea'' hypothesis, i.e., that crustaceans, rather than myriapods, are the sister group of the hexapods (Fig. 1A, B) . The Pancrustacea hypothesis was also strongly supported by morphological evidence such as the presence of ommatidia containing four crystalline cone cells and eight retinular cells in the complex eyes of hexapods and crustaceans (Paulus 2000) .
However, other questions remain about the relationships of other arthropods to the Pancrustacea. In the past decade, two camps of researchers hotly debated the Myriochelata and the Mandibulata hypotheses (Fig. 1C, D) . The Myriochelata hypothesis suggested the monophyly of Myriapoda and Chelicerata, and was supported both by the (i) embryonic characters, in which the presence of the cumulus, a group of mesenchymal cells splitting the dorsal embryonic region, only occurred during the development of myriapods and chelicerates (Mayer and Whitington 2009) , and (ii) the phylogenetic analysis of 12 mitochondrial protein genes (Hwang et al. 2001) . By contrast, the Mandibulata hypothesis supported the monophyletic grouping of insects and crustaceans together with the myriapods, and was supported by (i) morphological characters, in which the post-tritocerebral mandible was common in the myriapods, crustaceans, and insects; (ii) phylogenomic analysis of 198 genes, together with the presence of microRNAs miR-965 in myriapods, crustaceans, and insects, suggesting that the Myriochelata might be formed as a consequence of the long branch attractions (Rota-Stabelli et al. 2011) ; and (iii) analysis using five datasets, including two expressed sequence tags, as well as nuclear, mitochondrial, and RNA datasets (Rota-Stabelli et al. 2011 , 2013 . Given the evidence gathered to date, the Mandibulata hypothesis is better supported in our opinion and will be used in the following discussions (Fig. 2) .
Biosynthesis of farnesoic acid, methyl farnesoate, and juvenile hormone in arthropods
Molting in arthropods is strictly programmed and precisely controlled by their hormonal systems. The three major groups of arthropods' hormones that govern molting are, respectively, the ecdysteroids, the neuropeptides, and the sesquiterpenoids. Ecdysteroids, such as ecdysone in insects, are commonly known as the molting hormones that control the timing of ecdysis. Neuropeptides, such as ecdysistriggering hormone in insects and molt-inhibiting hormone in crustaceans, act as regulators of ecdysteroid synthesis or release. Sesquiterpenoids (comprising three isoprene units), such as juvenile hormone (JH), methyl farnesoate (MF), and farnesoic acid (FA) play important roles in regulating molting and metamorphosis and are produced in the corpora alata of insects and mandibular organ of crustaceans, respectively (for details, see Part 4). Among the three types of hormones, ecdysteroids Evolution of ecdysis and metamorphosis 879
and neuropeptides have been extensively reviewed elsewhere (e.g., Bendena et al. 1999) , and so we will focus our discussion on how sesquiterpenoids contributed to the evolutionary success of arthropods.
The biosynthetic pathway that leads to the production of sesquiterpenoids in arthropods or cholesterol in vertebrates begins with acetyl-CoA. The conserved mevalonate pathway existed in the bilaterian ancestor in the Ordovician period (440-500 mya), and the biosynthetic pathway of arthropods diverged from that of vertebrates at the step catalyzed by farnesyl-PP (Clark and Bloch 1959; Tobe and Bendena 1999; Bellés et al. 2005; Hui et al 2010 Hui et al , 2013 Nouzova et al. 2011; Fig. 3) . In arthropods, farnesyl-PP is further modified to farnesol and farnesal because arthropods lack the enzymes squalene synthetase (farnesyl-diphosphate farnesyltransferase) and lanosterol synthase, which are required for the production of cholesterol (Clark and Bloch 1959) . These two compounds are important sex pheromones in various arthropods, including chelicerates (Regev and Cone 1975) , myriapods (Vujisic et al. 2013) , and insects (Shimomura et al. 2008; González-Caballero et al. 2013) .
Further dehydrogenation of farnesal results in the production of FA, the precursor of MF. Although we have relatively little knowledge of the roles that FA plays in insects, several studies conducted on crustaceans have shown that FA could have a role in regulating reproduction. A low concentration of FA up-regulated vitellogenin gene expression in in vitro cell cultures from females of the crab Charybdis feriatus (Mak et al. 2005 ) and of the lobster Homarus americanus (Tiu et al. 2010) . Considering that the solubility of MF in aqueous solution is several orders of magnitude less than that of FA, the major question is whether the effects are attributable to a direct action of FA itself, or to the utilization of FA as a storage form of MF. Alternatively, could there be any carrier proteins that may increase solubility? Examination of the above across the crustaceans will be the key.
MF has been identified in chelicerates, crustaceans, and insects (see Part 4). The esterification of FA to MF was generally thought to be conserved across crustaceans, along with conversion of the FA by the FA O-methyltransferase to MF (Wainwright et al. 1998) . A gene termed FAMeT was thought to produce the enzyme that performs this function in crustaceans, despite the lack of a S-adenosyl-Lmethionine catalytic domain and very low enzymatic activities (e.g., Gunawardene et al. 2002; Hui et al. 2008) . However, with the discovery of insect JH methyltransferase (JHAMT) in the water flea Daphnia pulex and shrimp Neocaridina denticulata ( Hui et al. 2010; Sin et al. 2015) , it is now accepted that JHAMT is the bona fide o-methyltransferase responsible for esterification of FA in crustaceans (for functions of MF, refer to Part 4).
In addition to FA and MF, insects contain a unique sesquiterpenoid termed JH that is exclusive to the Insecta. In 1967, Roller and colleagues identified the first JH sesquiterpenoid in the moth Evolution of ecdysis and metamorphosis 881
Hyalophora cecropia and named the hormone JH-I. Since then, different forms of JH have been found, with JH-III present in virtually all insects. JH-I, JH-II, and JH-0 are only found in the Lepidoptera, JH skipped bisepoxide in the Hemiptera, and JH bisepoxide only in the Diptera. In insects, FA is converted to JH-III through methylation and epoxidation in the final two steps of the biosynthesis of JH. However, the order of the final two steps is dependent on the particular order of insect. In Orthoptera, Dictyoptera, Coleoptera, and Diptera, FA undergoes methylation of the carboxyl group to produce MF, which is subsequently epoxidized to generate JH-III. In Lepidoptera, however, epoxidation precedes methylation (Fig. 3) . In short, arthropods have developed a pathway uniquely different from the bilaterian ancestral mevalonate pathway for the biosynthesis of esquiterpenoid. The arthropod ancestor probably developed the ability to biosynthesize sesquiterpenoids in the form of FA and MF, and JH subsequently arose in the ancestor of insects.
MF as the ancestral sesquiterpenoid that functions in Panarthropoda

Sesquiterpenoids in mites and ticks
Following the identification of JH in the 1960s, extensive studies on the chemistry and functions of the JHs in insects followed. Similar attention was also drawn to the roles of the JH-equivalent/counterpart, MF, in crustaceans (see Crustacea-MF in molting, reproduction, and metamorphosis). However, the roles of sesquiterpenoid in arthropods other than crustaceans and insects generally have been understudied.
In nymphs of the two-spotted spider mite, farnesol (the precursor of FA, MF, and JH) was identified, suggesting its possible roles in metamorphosis. Female adult mites also use farnesol as a male-attractant (Regev and Cone 1975) . Ticks were also proposed to have juvenoid (Roe et al. 1993) , which was further confirmed by several observations; Lomas et al. (1996) observed that an extract from the ovaries of fed female ticks contain low activities of epoxidase and esterase that could regulate the degradation of JH in vitro. However, conflicting results have also been reported. For example, mites treated with JHs or precocene (an inhibitor of the biosynthesis of JH) did not permit a definitive conclusion about the role of JH (reviewed by Cabrera et al. 2009 (Neese et al. 2000) . Belozerov (2006) suggested that retinoic acid may be the JH-like compound in ticks since it shows morphogenetic activity that allows juvenilization of Haller's organ, a sensory organ of ticks used to detect hosts. In a recent study, using LC-MS, MF, but no JH-III, was isolated and identified from an extract from the spider mite Tetranychus urticae (Grbić et al. 2011) . However, the roles that sesquiterpenoids play in mites and ticks remain to be fully elucidated.
Crustacea-MF in molting, reproduction, and metamorphosis
The existence of MF in crustaceans was first confirmed by gas chromatography-mass spectrometry in the crab Libinia emarginata, and later found to occur in many other crustaceans including those in the Branchiopoda, Maxillopoda, and Malacostraca (Laufer et al. 1987; Laufer and Biggers 2001) . As JHs have not been detected in the crustaceans, and the effect of exogenous MF in crustaceans is much more significant than that of JH-III (Yamamoto et al. 1997) , this implies that MF is one of the main sesquiterpenoids that functions physiologically in crustaceans. MF is regarded by some as the ''crustacean JH'' that plays developmental and reproductive roles in a similar way as in the insects. For example, MF promoted ecdysteroid secretion after 48 h of incubation in the crab Cancer magister (Tamone and Chang 1993) . For reproduction, MF also plays several roles in different crustaceans. For example, exogenous MF resulted in testicular development of the green crab Carcinus maenas (Nagaraju and Borst 2008), and feeding 2 mg MF/day to the crayfish Procambarus clarkii promotes ovarian maturation by stimulating the production of vitellogenin (Laufer et al. 1998) .
In addition to its involvement in molting and reproduction, MF has also been suggested to play a role in coping with environmental stress. In response to different environmental cues such as nutrition, photoperiod, population density, and temperature, the crustacean daphnids undergo either parthenogenetic or sexual reproduction (Korpelainen 1990 ). In Daphnia magna, MF acted as a male sexual determinant that initiates the production of male neonates that later engage in sexual reproduction (Oda et al. 2005) . Continuous exposure of gravid daphnids to more than 30 nM MF will produce more male offspring under short photoperiods (Olmstead and Leblanc 2002; Lampert et al. 2012) .
MF could also play a role in metamorphosis in crustaceans. For example, the crab C. maenas can switch between two color phases of their carapaces. Crabs with green carapaces have less MF, molt more frequently, and are more adaptable to environmental stress, whereas those with red carapaces, have a higher level of M, molt less often, but are more competitive in capturing food and mating (Reid et al. 1997; Nagaraju and Borst 2008; Lewis 2011) . Another example has been described for the adult crayfish P. clarkii in which two morphotypes occur: form I is the primary reproductive type and form II is the non-reproductive type. During the intermolt stage, if the titre of MF is high, form II is favored at the next molt. On the other hand, when MF titre in the hemolymph is low, form I will be generated (Laufer et al. 2005) . In barnacles, low titre of MF could also reduce the number of cyprid larvae that metamorphose to sessile adults, and high titre of MF induces precocious metamorphosis via activation of protein kinase C (Yamamoto et al. 1997; Smith et al. 2000) . In a recent study, MF is also found to be functional in regulating metamorphosis in Drosophila (Wen et al. 2015) , suggesting an ancestral role for MF in regulating metamorphosis in arthropods.
JHs and the most successful arthropods on land: Insects
Insects are hexapods and represent the largest group of arthropods. Metamorphosis undeniably played an important role during the evolution of insects as noted from the derivation of three extant metamorphic modes. These include ametaboly, hemimetaboly (sometimes further subdivided into true hemimetaboly, prometaboly, and neometaboly), and holometaboly ( Fig. 4; Belles 2011) . Metamorphosis is completely absent in ametabolans, in which the morphology after each molt is not altered, and animals only grow larger in size. In true hemimetabolans, insects undergo progressive changes at each molt throughout the nymphal stage and in one final metamorphic molt, become winged reproductive adults. Prometabolans undergo metamorphosis in a similar way to true hemimetabolans, but the development of wings and sexual maturity requires two molts instead of one. In neometabolans, several quiescent stages occur before reaching the adult stage (Sehnal et al. 1996) . For holometaboly, more commonly known as complete metamorphosis, insects usually require two metamorphic molts, one from larva to pupa and a final molt, eclosing into the adult stage. Based on the previous phylogenetic analyses of hexapods (e.g., Kjer et al. 2006; Timmermans et al. 2008; Sasaki et al. 2013) , holometabolans were found to be a monophyletic group, implying that holometaboly has evolved only once during the radiation of insects (Fig. 5) .
The formation of pupae is a distinctive developmental feature in holometabolans and refers to the quiescent state in which the larva re-structures its body plan inside a pupal casing. At the final larval stage, titres of JH drop and the larvae enter a nonfeeding, and often wandering, stage to find an appropriate location for pupation (Nijhout and Williams 1974; Truman and Riddiford 1974) (Fig. 6) . In the Diptera, the final larval stage undergoes pupariation prior to pupation. During pupariation, the corpus allatum becomes inactive, resulting in low titres of JH in the larva, permitting pupation to proceed and inhibiting differentiation into the adult. The corpus alatum later resumes its activity at eclosion (Williams 1961; Fraenkel and Bhaskaran 1973) .
Three hypotheses have been advanced for the origin of the pupal stage, based on comparison of the different developmental stages (Fig. 7) (Truman and Riddiford 1999) . Berlese (1913) first proposed that the holometabolous larva was in fact a feeding embryo, and should be considered as holometabolans and different from the hemimetabolans, which have less yolk in their eggs; the larvae hatch and forage, thereby permitting further development. This hypothesis was in stark contrast to that of Poyarkoff (Hinton 1948) in which no significant difference in the amount of yolk was observed in hemimetabolous and holometabolous eggs, suggesting that the pupa was a novel stage and had no counterpart in the hemimetabolous life cycle. Truman and Riddiford (1999) emphasized that the pronymph stage had been overlooked, and only two drastic changes would be needed to explain the transition of hemimetabolans to holometabolans: lengthening of the pronymphal stage and shortening of the nymphal stage to one single stage as a pupa.
Despite the discrepancies between the hypotheses for the origin of the pupal stage, molecular studies have identified a conserved gene in different insects that is involved in pupation/metamorphosis: the Br-C/Broad-complex. Br-C comprises a conserved BTB (Bric-a-brac) domain and various zinc-finger pairs that contribute to the formation of different isoforms (DiBello et al. 1991) . In the presence of ecdysone, Br-C is expressed (Karim et al. 1993) . In hemimetabolans, Br-C is mainly involved in Evolution of ecdysis and metamorphosis 883 (Timmermans et al. 2008 ) and DPD1, RPB1, and RPB2 proteins (Sasaki et al. 2013) . ( . It should be noted that the diagram represents a simplified scheme, and the situation always vary from species to species; for instance, the biosynthesis of JH has been determined in Diploptera throughout the life cycle, in which the commitment period may extend from the penultimate stadium into the final stadium (e.g., Tobe 1986a, 1986b Berlese (1913) Hinton (1948) Truman ( embryogenesis and cell proliferation related to the growth of wing buds in the nymphal stage and to the patterning of the wing-veins during metamorphosis (Huang et al. 2013) . In holometabolans, expression of Br-C remains at low levels in the penultimate stage, and increases substantially in the final larval stage (Suzuki et al. 2008 ); knockdown of Br-C expression in the final larval stage results in an intermediate between a larva and an adult, rather than in a pupa (Konopova and Jindra 2008) . In addition to pupae, the novel structure of wings also emerged during the evolution of insects; this helped insects to explore aerial life and to disperse. Based on fossil records, it was suggested that this drastic morphological change occurred only once in the insect lineage as a result of a severe environment and strong selection pressure, and gave rise to the divergence of Pterygota, Neoptera, and Endopterygota (Kukalova-Peck 1978) . To date, most studies correlating wing development with hormonal systems in insects came from aphids as a consequence of their polyphenism (Roff 1990; Ogawa and Miura 2014) . In general, the growth of the wing diverts the use of energy, and therefore wingless adults appear to reserve their energy for maximizing fecundity, and under harsh or unfavorable environmental conditions, such as high population density, winged aphids will develop and disperse (Sack and Stern 2007) . However, the precise role of JH in wing polyphenism remains controversial. For example, a high dose of JH-I stimulated the production of wingless adults (Hardie 1980) , suggesting a role for JH in maintaining the wingless form of adult. On the other hand, Lees (1977) argued that the effect of JH is juvenilization rather than apterization, which is supported by the low titre of JH-III in winged and wingless broods of aphids (Schwartzberg et al. 2008) . Adverse experimental conditions, such as stressful crowding of the population, have also been suggested to be a concern (Braendle et al. 2006) . Recently, JH was shown to suppress wing-determination in the vetch aphid, Megoura crassicauda, resulting in an intermediate between the wingless and winged form (Ishikawa et al. 2013) . In crickets, application of JHA allowed more phospholipids to be produced, which promoted ovarian growth and resulted in a switch from the production of flying animals to flightless ones (Zera and Zhao 2004; Zera 2005) . This correlated with a high concentration of JH in the shorted-winged cricket morphs (Cisper et al. 2000) . In Manduca, JH restricted the growth of wings' imaginal discs (Tobler and Nijhout 2010) , although it has also been argued that such action probably required the presence and complex interactions with 20 E as well, rather than merely JH alone (Cieslak et al. 2007; Lobbia et al. 2007) . Although there are data showing the correlation of JH with the development of wings in several species, more studies are required to confirm this hypothesis.
Conclusions
During the evolution of arthropods, the sesquiterpenoids FA, and in particular MF, appeared to be functional in the last common ancestor of arthropods. These sesquiterpenoids were then modified to JH-III in the insect ancestor, and were further modified into diverse forms of JHs (Figs. 8 and 9 ). The emergence of insects, especially the hemimetabolans and holometabolans, is largely correlated with the origin of JH, which would involve a variety of developmental and reproductive regulators. Metamorphosis is an evolutionary landmark in insects whereby JH permits maximal utilization of food resources and prevents the larvae from undergoing metamorphosis, as a means of exploiting alternate food sources and of preventing intraspecific competition. This review has put forward the idea that the appearance of JH provided a platform for the successful radiation of insects (Fig. 9) . With the recent discoveries of genes for the biosynthetic and degradative pathway of JH in non-crustacean and non-insect arthropods, such as mites (Grbić et al. 2011 ) and centipedes (Chipman et al. 2014) , it is now time to revisit the identity of sesquiterpenoids and the regulation of their production in different arthropods. Evolution of ecdysis and metamorphosis 887
